Abstract The low-frequency flat levels and corner frequencies of the aftershocks of the Kobe earthquake, together with the site effects of the recording stations, are inverted by using genetic algorithms. All records were corrected by the quality factor, Q, of propagation-path, and for each aftershock, a different omega-squared model was assumed such that the low-frequency flat levels and corner frequencies would minimize the standard deviation of the site effects at all stations. It was observed that site effects for rock sites showed significant amplification at high frequencies. This amplification was found to correlate with spectral ratios of records located at 70-m depth and at the surface for one of the stations. After estimating the seismic moment and the stress drop, it was observed that the relation of the seismic moment, M 0 , versus the corner frequency, fo, followed the scaling law M 0 ␣ fo
Introduction
Although the calculation of source parameters such as the seismic moment and stress drop is a simple procedure, it remains not a trivial task for at least two significant reasons. The first one is the contamination of the signal by the path and site effect. Conventionally, site effects are estimated relative to that for a rock site station, but the use of relative estimates introduces some bias at the time of choosing the reference site. In addition to that, recent investigations (Archuleta and Steidl, 1998; Steidl et al., 1996) have shown that rock sites are not completely void of amplification at the surface. The second reason is the reading of the low-frequency flat levels and corner frequencies from the displacement spectra. In most cases, these readings are done by eye, which makes the result subjective. A small variation in the value of the corner frequency would strongly affect the result for the stress drop.
We have used genetic algorithms (GA) as an alternative means to invert the source spectra of the earthquakes and the site effects of the stations. The inversion starts by choosing a Brune's (1970) source model for each aftershock. Each source model is then used to compute the site effect of the station that has recorded the earthquake. Assuming that the site effect of a station should be the same regardless of the event, GA minimizes the standard deviation of the site effects by searching for new source models. The inversion then guarantees that the flat levels and corner frequencies obtained at the end of the inversion be the ones that would correspond to the most stable site effect estimation.
Strong Ground Motion Records and Geology of the Area
This study concentrates on the aftershock sequence of the Kobe, Japan, earthquake (Fig. 1) . The M w 6.9 earthquake occurred in 1995 in the Osaka area and it ruptured a total length of approximately 45 km along the fault strike (Sekiguchi et al., 1996) . The mainshock triggered a series of aftershocks that were recorded by 11 strong-motion instruments. Table 1 lists the location parameters of the aftershocks considered in this study. The instruments belong to the Committee for Earthquake Observation and Research for the Kansai Area (CEORKA), and they are all velocity sensors with a 16-bit digital recording system. The sampling rate is 100 samples/sec and instrument response is flat from 0.025 to 30.0 Hz in velocity (Toki et al., 1995) .
Most of the instruments were located on soft sediments inside the basin area ( Fig. 2) because evaluation of the ground-motion characteristics of the basin was the prime goal of CEORKA group. Only two of them were placed on rock: CHY and KBU. Studies from well-logging data and seismic profiles of the Osaka basin area (Kagawa et al., 1993) indicate that the basin has roughly an oval shape that reaches a maximum depth of approximately 2.4 km toward the south (Fig. 2) . The basement rock topography becomes more irregular toward the northeastern part, right below Osaka city. The western flank, location of Kobe city, is very steep, probably due to the presence of the Rokko fault system, a series of active faults that run parallel to that edge. Figure 1 . Location of the 1995 Kobe earthquake, aftershocks (red dots), and CEORKA stations in the Osaka area. The fault trace of the mainshock is taken from Sekiguchi et al. (1996) .
The eastern part of the basin dips more gently toward the west, and it contains the Ikoma fault, which is reverse type with its fault plane dipping toward the east (Research Group for Active Faults of Japan, 1991).
The superficial geology of the CEORKA sites is summarized in Table 2 . Also, geotechnical borehole results for the first 30 m of sediments below the stations are shown in Figure 3 . This indicates that the sediments below FKS, AMG, and YAE stations are very soft compared to the rest.
Fourier Spectra of the Strong-Motion Records
To estimate the Fourier spectra of the aftershocks, the records of every station were first corrected to zero baseline. We took a 3-sec time window beginning from the S-wave arrival time from the north-south (NS) and the east-west (EW) components. A cosine taper was then applied to data 0.5 sec before and after that window to ensure that the taper applied would not disturb the amplitude of the S wave. The Fourier amplitude spectrum was calculated using an FFT routine applied to the NS and EW components. Each component's spectrum was then divided by 2pf , (f being the frequency) in order to get the displacement spectra. The resultant horizontal displacement spectrum was then estimated as
(1) Ί where O(f ) is the resultant of the Fourier displacement amplitude of the NS and EW components. The lowest frequency in the spectrum is 0.33 Hz. The antialias filter for the CEORKA instruments has a cutoff frequency of 30 Hz (Toki et al., 1995) .
As mentioned before, only two instruments were placed on rock: KBU and CHY. In the following section, we examine the amplification at KBU site by studying the spectral ratios of two earthquakes.
Amplification at KBU Site from Spectral Ratios KBU station is located in the middle of the ruptured area of the mainshock (Fig. 1) . The instruments are located in a 10-m-deep tunnel in weathered granite at Kobe University campus. Figure 4 shows the displacement spectra for selected events. It is clear that the uncorrected displacement spectra at KBU are characterized by a steep decay for frequencies higher than 4 Hz while the low-frequency spectra are mostly flat. The high-frequency decay for the event 95JAN17-13:05 is affected by amplification from 3 to 6 Hz approximately, and this can be easily recognized because that earthquake has a corner frequency at around 0.9 Hz. Figure 5 shows the displacement and acceleration spectra for another earthquake. In this particular case, it can be seen that there is significant amplification in the frequency range from 1.5 to 5 Hz observed from the acceleration spectrum. The tendency for all events to decay from 4 Hz could be caused by the site effect. This amplification becomes a real problem when try- ing to estimate source parameters from small earthquakes, because the site amplification tends to "hide" the aftershock's source-originated corner frequencies.
In 1997 the Electric Company Group installed two more recorders at KBU site. One of them is 70 m deep and the other is on the surface. The new instruments had recorded only two earthquakes by the time this article was being written. Unfortunately, neither earthquake was recorded at the instrument 10-m deep in the tunnel. Figure 6 shows the spectral ratio of the signals between the record at the surface and that at 70-m depth. According to this result, the spectrum at KBU is flat up to 1.5 Hz approximately. For frequencies higher than 1.5 Hz there is amplification. This result holds even when considering the effect of the destructive interference caused by the reflective waves from the surface. The frequency at which this interference takes place is given by
where n is an integer, Vs is the S-wave velocity, and H is the depth. Assuming an average Vs ‫ס‬ 663 m/sec (Table 3) and H ‫ס‬ 70 m, then f ‫ס‬ 2.3 Hz. There is no trough at 2.3 Hz from the spectral ratios shown in Figure 6 .
GA Inversion for Source Spectra and Site Effect
To estimate the source spectra, observation needs to be corrected by propagation path and site effects. Ground motion of the ith earthquake observed at the jth receiver, O(f ) ij , can be represented as the multiplication of three physical parameters (Iwata and Irikura, 1988) :
where S(f ) i is the seismic source effect of the ith earthquake, P(f ) ij is the term of the propagation path from the ith source to the jth receiver, and G(f ) j is the site effect of the jth receiver. The propagation-path effect, P(f ) ij , has the following form assuming radiation of S waves from a point source:
ij ij where R ij is the hypocentral distance from the ith source to the jth receiver, Q(f ) is the quality factor, and Vs is the Swave velocity of the medium. Substituting (4) into (3) and solving for the source term, we obtain
Here, O(f ) ij is the observed spectrum for the ith earthquake at the jth station corrected by the propagation-path effect.
As can be seen, in order to recover the source spectrum, observation needs to be corrected for the propagation-path and site effect. Site effect is usually estimated by dividing the observed spectra at the sediment sites by those at the rock sites (Borcherdt, 1970) . This technique works under the assumption that the site effect of rock sites is flat in the frequency range of interest. However, as we showed in the previous section, that assumption does not hold for KBU site. In addition, relative estimate would introduce serious bias by the choice of reference station. Tsurugi et al. (1997) introduced a new method to estimate the site effect. After correcting the observed spectra at the rock site by the propagation path, they assumed an omega-squared model. The site effect at the jth station, G(f ) j , is then calculated by solving (5) for the site-effect term
where S(f ) ir is the following omega-squared model (Brune, 1970) for the ith event obtained at the reference site, r. This is determined by reading a low-frequency flatlevel, X r , and a corner frequency, fo, from the displacement spectrum re- . Spectral ratios at KBU for the 14 May 1997 earthquake (magnitude 3.2, depth 10 km) (black line) and the 12 June 1997 earthquake (magnitude 3.9, depth 15 km) (gray line) between spectra at the surface and at 70-m depth at the borehole. The spectral ratios are roughly flat for frequencies lower to 1.5 Hz. corded at a rock site at the surface. The source spectrum is given by
where the flat level, X r , in (8) is divided by 2 to account for the free surface effect, fo is the corner frequency, and f is the frequency. Hand reading of flat level and corner frequency from observed spectra is not objective, and in some cases it could be prone to human error as the shape of the spectra becomes complex. The method applied in this study adopts the idea proposed by Tsurugi et al. (1997) with the variation that we performed a nonlinear inversion using GA to obtain the flat levels and corner frequencies.
GA Implementation
Ever since the pioneering work of Holland (1975) , GA have proven to be a powerful tool for scientists in a wide range of fields. This searching algorithm is not constrained to solve problems following deterministic formulas. The algorithm is based on the biological principle of natural selection: only the strongest or fittest organisms survive to a given environment. In GA, data are treated as a population of individuals that experience a process of evolution through many generations in search of solutions. Each unknown parameter is a gene. In our case, we are interested in finding the low-frequency flat level of the corrected displacement spectrum at the surface, X 0 , and its corresponding corner frequency, fo. Several genes make up individuals, and several individuals make up a population. Just as in nature, mutation and crossover affect the selection process. Mutation means that an entirely alien structure can be introduced to the population at any given time. In many cases, mutation helps the algorithm overcome a local minimum (solution). Crossover means that, in the same population, individuals are allowed to exchange certain characteristics, which might help them improve the performance of the species in the long run.
The data needed to be prepared for the inversion by GA. First of all, we assumed a frequency dependent Q(f ) ‫ס‬ 33f (Moya and Irikura, 1998) and Vs ‫ס‬ 3.2 km/sec to correct the observed spectra for the propagation path given by (6) at the CEORKA stations. After this correction, we proposed a point-source model in a similar way to (8) to estimate the site effect,
where m is 2 to meet the omega-squared model (Aki, 1967; Brune, 1970) . The source term, S(f ) i , in (9) is very similar to that of (8), but this time the flat level, X 0 , and the corner frequency, fo, are not obtained from hand readings from the displacement spectrum. Instead, we make use of a range in which GA is to search for the values of X 0 and fo. The upper and lower limits for the flat level are defined as follows. Considering that the low-frequency band in the rock site, KBU, is little affected by the site effect, the asymptote of the corrected amplitude level of the displacement spectrum at that station is taken as an upper limit for X 0 . The minimum limit is taken as a fraction of the upper limit which is X 0 /2 or X 0 /5 depending on the earthquake. In the case of the limits for the corner frequency, the lower limit is 0.3 and the upper limit is 5.0 Hz for all earthquakes. Figure 7 illustrates the inversion process. The main idea is that the site effect at a given station should be the same regardless of the earthquake. GA select values for the X 0 and fo from the ranges already specified to make a different source model for each earthquake. Then, the model proposed by GA divides the corresponding corrected amplitude spectrum of the event, and a site effect is calculated using (9). If, for example, we had only three earthquakes and three Figure 7 . Outline of the GA approach to estimate the source spectrum and the site effect.
stations, then GA select three values for X 0 and three values for fo. With this information we can calculate three site effects for the same station (three spectral ratios). However, the site effect should be the same regardless of the earthquake. The average and the normalized standard deviation are then calculated. The standard deviation is the value we are interested in minimizing, so the inversion continues by selecting different values of X 0 and fo until a certain number of iterations (generations) is reached and the standard deviation of the site effects is minimum in every station.
In order to give equal weights to the low-and highfrequency bands, the displacement spectrum was sampled at regular intervals in the logarithmic frequency domain. This prevents the algorithm from fitting the model very well in the high frequency and poorly in the low frequency. Also, the inversion was performed using only 7 out of the 48 aftershocks listed in Table 1 , because only 7 events were recorded by at least 10 stations. If we included more earthquakes not recorded by all stations, then the stations that contained a larger number of earthquakes would be better resolved than the rest.
Inversion Results
We performed the inversion for a total of 200 generations and a population size equal to three times the number of genes. The residual of the normalized standard deviation is estimated as
where p is the total number of sampled frequencies, and d lk is the normalized standard deviation of the site effect of the lth frequency for the kth station. In general, the convergence of the algorithm is fast; the result does not change much after the 50th generation (Fig. 8) . Since the residual is made of the summation of the normalized standard deviation for the 11 sites, it can never approach zero. Figure 9 shows the site effects with their corresponding standard deviation. For stations located inside the basin (FKS, MKT, YAE, and AMG), the amplification is very large and the maximum values are reached at low frequencies. YAE and FKS have the fundamental frequency at 1.2 Hz, MKT at 1.7 Hz, and AMG at 1.2 Hz and 2.5 Hz approximately. The amplification at ABN and TOY is constant for the entire frequency range of interest.
As expected, the rock sites KBU and CHY are the stations that show the lowest level of amplification for frequencies below 1.5 Hz. However, for frequencies above 1.5 Hz, there is significant amplification. Both stations exhibit a peak at 4 Hz. After 4 Hz there is deamplification.
As can be seen, the amplitude of the low frequency of the site effect at KBU is two. This is theoretically acceptable for a rock site in the low-frequency range. Also, the highfrequency amplification (2-5 Hz approximately) correlates very well with the previous results from spectral ratios between signals in the borehole and on the surface (Fig. 6) . The shape of the site effect for KBU also agrees with the one obtained by Tsurugi et al. (1997) even though the lowfrequency amplification estimated by them is one at KBU. We believe this is caused by differences in the definitions of the site effects.
Normalizing the site effects in Figure 9 to KBU site, we obtain relative site effects. Figure 10 compares the relative site effects with the result from Moya and Irikura (1998) . They also obtained relative estimates by using a linear inversion for the relative site effects and the Q value. The imperfect matching is expected because the number of events used in the GA inversion is different from the one used in the linear inversion. However, the main features are the same, such as the deamplification in the high frequency for the sediment site stations and the peaks observed at FKS, MKT, and YAE stations. Table 4 shows the flat levels and the corner frequencies for the seven events used during the inversion. The corner frequencies are smaller than the ones obtained by Tsurugi et al. (1997) . We corrected the observed spectrum for each station by removing the propagation-path and site effects. Then we took the average and compared it to the source model as given by (8) using the flat levels and corner frequencies from Table 4 . The result is shown in Figure 11 . The fitting of the average source spectra to that of the one found by GA is very good considering that we are assuming a simple shape for the source in the inversion process.
Source Parameters
Based on Brune's (1970) model, the seismic moment, M 0 , of an earthquake can be derived from the flat level of the displacement spectrum given by
0 R h where q and Vs are the density and the S-wave velocity of the medium, respectively, X 0 is the flat level of the sourcedisplacement spectrum at a unit distance form a source centroid, and R hu is the radiation-pattern coefficient. We used a density of 2.7 g/cm 3 , and an S-wave velocity of 3.2 km/sec, and assumed a simple form of the radiation pattern for the S waves equivalent to (Andrews, 1986) . 2/5 Ί The stress drop can be obtained by
2.34R h and the source radius by 2.34Vs radius ‫ס‬ ,
2pfo
Here, fo is the corner frequency and the parameters Vs, R hu , X 0 , and q are the same ones we have previously described for (11). The GA inversion yielded the source-spectrum flat levels and corner frequencies for seven aftershocks. In order to estimate these values for the rest of the events listed in Table  1 , we first calculated their source spectra by removing the propagation-path and site effects from the observed spectra. Then, for the same earthquake, the average source spectrum was calculated.
The flat levels and corner frequencies for these events were estimated by using GA. In this case, GA were used to fit an omega-squared source model to the averaged source spectrum for each individual earthquake such that the differences between the model proposed by GA and the averaged source spectrum were minimal. In other words, we searched for the best X 0 and fo that minimized the summation of the error, ⑀,
͚ k‫1ס‬ (teo )(obs ) Ί k k in which p corresponds to the total number of sampled frequencies in the spectrum, teo k corresponds to the amplitude of the theoretical source model (proposed by GA) at the kth frequency, and obs k to the amplitude of the averaged source spectra at the kth frequency. Figure 12 shows the evolution of ⑀ for two selected earthquakes. Note that in this case the solution approaches zero very quickly, so the inversion is set for 50 generations only. Figure 13 shows the averaged and proposed spectrum for each earthquake. The fit is generally good, although care must be taken because the error given by (14) is always positive. This causes the fitting to be computationally correct (smallest error is found) even when the matching from theory to observation would not be perfect, such is the case of event 95JUN25-17:55 in Figure  13 for which the observed spectra is not as smooth as the proposed model. These differences could also occur because the shape of the observed spectra would not adjust very well to the omega-squared model that we have assumed throughout this analysis. Events that showed these bad fittings were not considered in the determination of source parameters. After introducing the values for X 0 and fo into (10) to (12), we estimated the seismic moment, stress drop, and Figure 10 . Comparison between the normalized site effects to KBU (this study) (gray lines) with the relative site effects obtained by Moya and Irikura (1998) (black lines). The main features are the same even when there is a discrepancy in the amplitude. source radius, respectively. The seismic moment falls in the range of 10 21 to 10 24 dyne cm. We plotted the seismic moment versus the corner frequency ( Fig. 14(a) ) and found that the slope of the curve yielded a value of ‫.7.2מ‬ In general, we can say that this relation follows the scaling law M 0 ␣ fo
‫3מ‬
. We also found that the dependence of the seismic moment on the magnitude (Fig. 14(b) ) followed the equation,
0 J M A which agreed with determinations obtained by other authors (Sato, 1979; Katsumata, 1996) for the M JMA scale. We plotted the result for the stress drop against the seismic moment (Fig. 15(a) ), the source radius (Fig. 15(b) ), and the depth (Fig. 15(c) ). We found no apparent dependency of the stress drop on any of the earlier parameters. However, this result could have been influenced by the site effect of the soft-sediment sites (ABN, AMG, FKS, MKT, MOT, and YAE). Even though we have made the proper correction for this factor, we should consider that the soft-sediment sites could still have a strong influence on the determination of the corner frequency and the flat levels of the aftershocks due to their amplification in the low-frequency band. Moya and Irikura (1998) noticed that the inversion of the relative site effects and Q value yielded a smaller standard deviation when they used only a limited number of stations, and that the deviation was large when they used all stations. They presumed that a very local value of Q affected the softsediment sites of CEORKA stations inside the basin area. For this reason, we performed another estimation of source parameters using only the hard-sediment site stations (TOY, SKI, and TDO) as well as the rock sites (KBU and CHY). These are the same stations that yielded an accurate Q value in the work by Moya and Irikura (1998) . From Figure 9 we can also see that those stations are roughly flat in the lowfrequency band where the corner frequency is to be found.
Since we are using a smaller number of stations this time, the number of aftershocks decreases. GA were used again search for the corner frequency and flat levels of the events recorded by the selected stations. For this new result, we plotted the stress-drop values on the hypocenters of the aftershocks together with the moment-release distribution of the mainshock (Sekiguchi et al., 2000) in Figure 16 . According to Mendoza and Hartzell (1988) , it was expected that the stress drop of earthquakes at the edges of the ruptured area be higher than the ones inside it. However, events on the Awaji Island side as well as on the Kobe City side, which are outside the fault plane, show large and small values of stress drop. For those events that are inside the fault, the distribution with depth reveals a more interesting pattern. The reddish spots are associated with zones of large slip during the mainshock, which correspond to asperities. Sekiguchi et al. (2000) recognize the existence of three of them. The first one is located close to the starting point on the Suma fault, the second one is below Kobe City on the Suwayama fault, and the third one is located on the Nojima fault, between 2 and 10 km deep. The asperity on the Nojima fault is also the shallowest. Aftershock activity on the Nojima fault also took place at shallower depths (Nemoto et al., 1996) as compared to the activity of the other faults where deeper events were recorded. Figure 17 shows the stress drop versus depth for the events, which is very scattered, but a slight indication of dependency can be recognized from it, at least for a certain group of earthquakes. On the other hand, we observed no dependency of the stress drop on the seismic moment or on the source radius through this new estimation.
Conclusions
An automated method for estimating simultaneously the site effects of stations and the source parameters of earthquakes by using genetic algorithms has been introduced. The site effects determined by GA show that stations located on soft sediments such as FKS, AMG, MKT, and YAE experience deamplification in the high-frequency range. This is in good agreement with the site-effect estimations carried out by Moya and Irikura (1998) from a linear inversion of relative site effects and Q value. Through the use of GA it has also been possible to determine the site effect for KBU site. This rock site is amplified for frequencies higher than 1.5 Hz. This result was similar to the one derived from spectral ratios of records located at the surface and at 70 m deep at that site.
We found that the majority of the aftershocks had stressdrop values lower than 50 bars, assuming the Brune's (1970) model. It was observed that those events having stress drops above that limit were usually located around asperities and at depth. We can support this conclusion by examining the overall distribution of aftershocks on the fault plane and associating that distribution with the state of stress we obtained. Nemoto et al. (1996) worked on the relocation of the aftershocks that took place from 5:46 a.m. until 2:00 p.m. Figure 16 . Stress-drop distribution along the waveform inversion result of Sekiguchi et al. (2000) . The stress drop is systematically larger at depth and around asperities.
on 17 January. Their analysis indicates that most of the aftershocks took place between 8 and 18 km deep approximately. Only a limited number of them with magnitude above 3.0 were located on the large Nojima asperity region. Mendoza and Hartzell (1988) have linked the occurrence to aftershocks following large earthquakes to an increase of stress in the periphery of the zone of large slip during the mainshock. Our result for the stress drop of those events is consistent with the idea that large stress drop should be expected on those areas not ruptured by the mainshock.
Even though asperities on the other fault segments are not well constrained by the aftershock activity, we can see the common pattern that high values of stress drop are prevalent for deeper events. This is especially significant for the group of aftershocks on the Suwayama fault, which extends almost vertically from approximately 10 to 18 km and has large stress-drop values.
